When using appropriate materials and microfabrication techniques, with the small dimensions the mechanical stability of microstructured devices allows for processes at high pressures without loss in safety. The largest area of applications has been demonstrated in green chemistry and bioprocesses, where extraction, synthesis and analyses often excel at high densities and high temperatures. This is accessible through high pressures. Capillary chemistry has been used since long but, just like in low-pressure applications, there are several potential advantages in using microfluidic platforms, e.g., planar isothermal set-ups, large local variations in geometries, dense form factors, small dead volumes and precisely positioned microstructures for control of reactions, catalysis, mixing and separation. Other potential applications are in, e.g., microhydraulics, exploration, gas driven vehicles, and high-pressure science. From a review of the state-of-art and frontiers of high pressure microfluidics, the focus will be on different solutions demonstrated for microfluidic handling at high pressures and challenges that remain.
INTRODUCTION
A large number of applications either demand or benefit greatly from high pressures. When using appropriate materials and microfabrication techniques, with the small dimensions the mechanical stability of microstructured devices allows for processes at high pressures without loss in safety. Capillary fluidics has been used since long but, just like in lowpressure applications, there are several potential advantages in using microfluidic platforms, e.g., planar isothermal setups, large local variations in geometries, dense form factors, small dead volumes and precisely positioned microstructures. This mini-review presents the state-of-art of high pressure microfluidics with focus on different solutions demonstrated for microfluidic handling at high pressures. But first, I want to give a few examples on why we should care. I have found the examples below to be of special interest to me but there are many more. I may still have missed the most important application for you, although what is present should suffice for a multitude of grand innovations.
In chemistry, and especially green chemistry and bioprocesses, extraction, syntheses and analyses often excel at high densities and high temperatures. In bio extraction and petro chemistry, developing small-scale experimental models for increased understanding and more efficient design before building a full-scale refinery, high pressure capability is often demanded when it is used in the large-scale production. Today, the small-scale models are still handling volumes in liters or larger but further miniaturization would much faster bring the necessary extraction parameters, although they may slightly differ from what they will be in larger volumes. For synthesis, the limitation lays in the small volumes produced. Parallelization may improve the yield but only so much. Hence, the applications where microreactors may be used are when smaller quantities are sought, e.g., for personalized medicine and synthesis of short-lived radioactive bio markers for molecular imaging or radioactive immune assays (RIA). Actually, when surviving high pressures, much higher flow volumes can be administrated in flow though chemistry and throughput may be drastically increased. Large scale synthesis and material production of today often use nozzles of microfluidic dimensions, e.g. on extrusion of fibers and threads of nylon. In analytical chemistry, small sample volumes and low consumption of reagents are often of advantage. Hence, capillary based systems are often used, like high pressure liquid chromatography (HPLC) and its specialized subtechnology supercritical fluid liquid chromatography (SCF), which are easy to envision to be produced as microfluidic systems to reduce costs at high production volumes or integrate the function in a lab-on-a-chip system. *klas.hjort@angstrom.uu.se; phone +46 18 471 3141; www.teknik.uu.se Hydraulics engineering is dealing with the mechanical properties of liquids. In fluid power, hydraulics is used for the generation, control, and transmission of power by the use of pressurized liquids. Hydraulic topics range through most of engineering modules and cover concepts that are well suited for microfluidics, such as pipe flow, fluidics and fluid control circuitry, pumps, valves, and flow measurement. Today, there are no other power transfer systems that can meet the strengths in the same small size (i.e. high pressures) as those of hydraulics. Hence, hydraulics builds the mussels of industry and vehicles. Pilot systems in the hydraulics of today need high precision and are made in sizes not far from those of microfluidics. These systems are very expensive and microsystems technology could provide cost-effective solutions. In the 50-ties and early 60-ties hydraulic logic circuits and amplifiers were studied for control circuits that should survive electromagnetic pulses of nuclear weapons. Such circuitry is still used in military aircraft, e.g., in the British Harrier fighter. For intelligent miniaturized unmanned vehicles, robotics and prosthesis, microfluidic hydraulics should have clear advantages in size and energy consumption over present technology. Mineral and energy exploration by deep drilling technology will meet one atmosphere higher pressure for each 10 meters of the water pillar in bore hole, i.e., each kilometer of depth adds 100 bar of pressure. Geothermal energy holds the promise of steady high-power production with small footprint. For example, The U.S. Geological Survey estimates that in the aquifers of the south-west of the U.S., the geothermal reservoirs provide a capability of electricity production at potentially 500,000 MW. This is about half of the current installed electric power generating capacity in the United States. Hence, in combination with hydrogen economy, geothermal energy may be the best energy solution for a sustainable society. The fracking technology from shell gas and oil production may improve the geothermal energy extraction, by introducing better transport from the aquifer. However, water at high temperature and high pressure is very corrosive and should be analyzed and handled to improve the life-time of the extraction system. Deep exploration technology could therefore benefit from microfluidics in a more rapid analytical read-out of the chemistry in the bore fluid at the drilling head or hydraulic actuation on-site in the bore hole.
Gas driven vehicles benefit from higher pressure, yielding higher energy density. In aerospace, positioning of nano-and picosatellites and micro torque attitude control of larger satellites use systems with small and precise gas flows, where microfluidics could improve performance and reduce weight. The vision of the sustainable hydrogen society needs innovations to provide for safe high-pressure storage and handling of hydrogen.
At the frontiers of exploration, going beyond utilization oriented applications, there are many interesting environments at high pressure: In the depths of our oceans, deep into the ground or under glaciers, we always meet high pressures. This holds true not only for earth but also for extra-terrestrial exploration. In extra-terrestrial exploration, there is no need to go deep into the planet but high pressure will be present already when reaching its surface of, e.g., Venus, Saturn and Jupiter. This is not only of interest for the energy exploration and production presented above but also for scientific studies, e.g., sampling and analysis of organic material or even cells in the search of deep life (microbes in bedrock) or extra-terrestrial life. In addition, the study of physics and chemistry of materials may take advantage of the very high pressures that can be generated and controlled in microfluidic capillaries and reactors.
APPLICATIONS OF HIGH-PRESSURE MICROFLUIDICS
Most of the high-pressure microfluidics has been demonstrated in chemistry, with ample examples of demonstrators for individual components for the fluid handling, see the section below. In the following, state-of-art applications of highpressure microfluidics are summarized:
Chemical extraction
The operating parameters and the reaction profile when a complex fluid will be a mono-or multiphase solution is critical process data required by chemical engineers. Traditionally, phase diagrams and critical process coordinates of a complex fluid mixture are obtained with high pressure optical cell measurements 1, 2 . With their macro scale volume, these methods are very time consuming since their need to reach equilibria before any measurements can be performed. Nowadays, micro scale phase behavior analyses at high pressures and temperatures are possible, albeit not yet producing the same precise data [3] [4] [5] . Still, for initial parameterization, it can be made faster by orders of magnitude and with potential of high precision.
Chemical synthesis
High pressure microfluidics provide several advantages in the search for new routes to chemical synthesis, with improved control of reactions, catalysis, mixing and separation, process safety, and energy consumption 6 . Reactions with a decrease in volume are enhanced and much higher temperatures can be applied before boiling occurs. For example, superheated flow processing in capillaries is a major approach for new process windows. Also, higher pressure homogenization provides sub-micron droplets in emulsions and the use of supercritical fluids as green solvents with properties which can be fine-tuned by changing temperature and pressure. High-pressure microfluidics synthesis has been reviewed by, e.g., Illig et al. 7 . Especially, supercritical microfluidics have shown good prospects, where the supercritical carbon dioxide is to use at benign temperature and pressure with its critical point at 31 °C and 74 bar, respectively 8, 9 .
Chemical analysis
Microfluidic systems for chemical analysis at high pressures are often derived from the HPLC 10 . The stainless steel HPLC-MS chip developed by Agilent inspires with its printed circuit board manufacturing technology that provides for low cost at small production volumes and even for costume made devices 11 .
Gas driven vehicles
Although the large potential, microfluidics for gas driven vehicles has been demonstrated in only few applications. At The Ångström Space Technology Centre (ÅSTC), Uppsala University, microfluidic systems have been demonstrated for cold gas propulsion and satellite attitude control [12] [13] [14] , being commercialized by NanoSpace AB. An interesting concept for safe gas storage with a vision for hydrogen fuel storage has been suggested; using a silicon based passive valve system in Ping Pong ball sized pressure vessels 15 . This concept is today promoted by Gastore AB.
At the frontiers of exploration
Providing the right size regime and a planar system that ease monitoring, high-pressure microfluidics may be used in model systems for better understanding of the mechanisms in deep storage of carbon dioxide 16 or of fracking for shell gas and shell oil 17 . Miniaturized unmanned underwater vehicles that can access the water volume through a bore hole have been envisioned for both extraterrestrial exploitation and sub-glacial. At ÅSTC, such a vehicles has been studied with a particle capturing system demonstrated that could meet pressures down to 1,000 m depth 18, 19 .
MICROFLUIDIC HANDLING AT HIGH PRESSURES
On-chip valves, micropumps and dispensers increases the efficiency of the microfluidic system, but a challenge for such pumps is the high back-pressure associated with, e.g., separation, filtration and narrow channels. Also, with smaller total fluidic size large pressures are less dangerous but at the same time more important. For example, to handle larger volumes in nanofluidic systems high flow rates and hence high pressures are needed.
High-pressure microfluidics demand stiff construction and strong materials. Much of the devices for chemical applications use the same glass or steel as in macro sized solutions. Also silicon and glass-silicon bonded devices have been used to a larger extent. Metal based devices have advantage of high toughness at longer term use. Clamping the microfluidic system provides stiff fixtures that allow use of polymer structures or laminates with lower bonding strength.
Actuation mechanisms
Much of the actuation for microfluidic handling may be handled by external mechanical powering, through a hydraulic drive by external pumps and valving. Integration of actuators in microfluidics has the same reasons as integrating electronic devices in microelectronics. It allows for faster, cheaper and more complex systems in small scale. Especially for microfluidics, this means smaller volumes of reagents, analytes and less dead-volume. One step in the right direction, that reduces dead volumes and ease interfacing, is to by an external system drive actuators that are integrated in the microfluidic system. However, if those integrated actuators are not externally driven less fluidic interfaces are needed and the over-all system may be much smaller and faster. Alas, only a few actuation mechanisms can meet the demands of high energy density for a small actuator. If high pressures and low displacement is needed, piezoelectric actuation is most appropriate with it rapid response and low power loss (piezoelectric actuation provides the highest power density, but not so high energy density). For larger displacements, shape memory alloys or solid-to-liquid phase change materials like paraffin have shown complementary advantages. These thermally driven actuators will increase decrease linearly with decreased length. If larger structures of several mm in dimensions are acceptable, a solenoid actuator can be positioned at the active microfluidic handling unit. In pumping, different dynamic-type mechanisms can be used for micropumps and dispensers, e.g. electroosmotic flow.
Shape memory alloys provide a stiff and strong actuation mechanism with large displacement. Spring-based actuation of thermostat valves has been used long in macro size.
When paraffin wax melts it exhibits a large, nearly incompressible volume expansion, which can be used in strong microactuators with large displacements. Furthermore, paraffin is inexpensive and inert as well as easily processed and actuated. Finally, the liquid paraffin oil, can back a membrane that can be very compliant at the same time as it carries a large pressure. Together, these properties give paraffin actuators great potential for use in both low-cost and highperformance applications. A thorough presentation of paraffin actuators in microfluidics applications is given by Ogden et al. 20 .
Valves
Hybrid microfabrication with shape memory alloy microwires or -bands has shown capability of actuating high pressure valves 21 . Paraffin actuated stainless steel membrane valves that are clamped have shown leakage-free valving at 20 MPa 20 . By utilizing latching and bistable configurations it is possible to integrate such strong power demanding actuators also in energy constrained smart systems. These systems are excellent for systems of relative large volumes and capillary cross sections. However, if high precision is needed, high resolution micromachining of, e.g., silicon is an option.
Pumps and dispensers
For high pressure applications, metallic paraffin actuators, pumps and dispensers have recently been accomplished. The world's strongest mechanical micropump in sub-cubic centimeter total size is today clamped a paraffin actuated membrane displacement pump, capable of leakage-free pumping at pressures of 150 bar 20 . However, miniaturized electroosmotic pumps have shown capability of generating pressures up to 1,200 bar and being incorporated into a miniaturized HPLC system 22, 23 . Unfortunately, electoosmotic pumping severely limits the accessible liquids.
CHALLENGES
The challenges in high-pressure microfluidics are many but could be summarized as below. Most of these concerns have been lifted by K.F. Jensen et al. 24 .
Micromachining and microfabrication, materials and interfacing
Issues in materials compatibility have severely limited the realization of high-pressure microfluidics, and especially so in small scale synthesizers. For example, hard materials such as glass and stainless steel in active valves will have problems with small particles which may block their action. Soft materials such as polydimethyl siloxand (PDMS) need to be incorporated but most of them that are well known in microfluidics are not chemical compatible with the chemistry. One interesting solution could be the use of Viton, a perflourinated material that would meet much of the chemical compatibility issues 25 .
Missing components
We still miss valves and micropumps for highly oxidizing, corrosive, and particle laden reagents. In particular, seals that ease interfacing of modular components, and check valves are prone to problems at longer term operation. Today, only external back pressure regulators are used, with large dead volumes and slow regulation. In particular, one main issue is handling of solids, either to avoid clogging or for feeding solid reagents on a micro scale. As for the interesting applications of microfluidic hydraulics and bore hole exploration, although many components are available no miniaturized systems have been demonstrated.
CONCLUSIONS
Despite many challenges, high-pressure microfluidics have shown applicability with potential in providing solutions for many technologies of societal and scientific importance. There are several potential advantages in using high-pressure microfluidics, e.g., planar isothermal set-ups, large local variations in geometries, dense form factors, small dead volumes and precisely positioned microstructures for control of reactions, catalysis, mixing and separation. Until now, chemical technology for processing and analysis dominate. Other potential applications are in, e.g., microhydraulics, exploration, gas driven vehicles, and high-pressure science. Alas, to reach full impact the challenges of materials compatibility of this microsystems technology to high pressures and high temperatures need to be addressed.
